Kinetic enzymatic methods for analysis of substrates can be made optimum for a sensitive photometric analyzer by adjusting the activity of the triggering (catalyzing) enzyme so that the reaction rate is maximum at the time of measurement. At this optimum activity, the exponential time constant for exhaustion of substrate equals the time between triggering and rate measurement. The scale factor (defined as measured activity divided by sample concentration in the reaction mixture) is the same for all tests. Sensitivity to substrate concentration is predictable from Instrumental absorbance uncertainty and molar absorptivity of the absorbing species. These predictions from Michaelis theory were Progress in technology has resulted in photometers that are sensitive to less than 10 change in absorbance in times of the order of 10 s. A logical early application of this improved absorbance sensitivity has been in instrument systems for rapidly measuring the activities of serum enzymes by kinetic methods.
In terms defined by these authors, the methods we have used here could be characterized as "fixed time" analyses, in which the measuring time interval is relatively short in comparison to the time after triggering the reaction and the measurement is always made at some pre-fixed time after triggering. The technique for optimization that we describe here is generally applicable to any kinetic analysis system that is sensitive enough to make a fairly accurate rate measurement over a time that is short compared to the time required for the complete reaction.
Advantages of the kinetic substrate methods optimized as we describe are high sensitivity, which permits assay of serum at relatively large dilutionswith concomitantly greater linear ranges-than have been previously reported, and greater resistance of the method to variations in activity of the triggering enzyme.
Materials and Methods

Instrumentation
We used a KA-150 Kinetic Analyzer (PerkinElmer Corp., Norwalk, Conn. 06856) in this work, equipped with the auxiliary control panel accessory that provides certain additional control functions required for substrate analysis as described below. The instrument's photometer is shown schematically in Figure 1 .
The photometer is used in a system that prepares kinetic reaction mixtures for measurement as shown schematically in Figure 2 . The system automates classical two-reagent kinetic methods, with a preincubation step to permit interfering reactions between serum components and the first reagent to go to completion before the desired reaction is started by adding the second reagent. Samples are processed and measured at a rate of one every 24 s. Analysis time for a single sample is 7 to 9 mm.
For all serum enzyme tests, the overall dilution of the sample in the reaction mixture is 20-fold. For the larger dilutions required in some substrate tests, the r' We will develop the theory for the case of a single substrate and its specific triggering enzyme.
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The conditions under which it applies to more complex reactions are discussed later.
Let S be the substrate concentration and v the reaction rate in a reaction mixture at any instant of time, t. Let Vmaz be the activity of the triggering enzyme. That is, it is the rate of the reaction extrapolated to infinite substrate concentration.
Let Km be the enzyme's Michaelis constant. Then
For substrate methods, the substrate concentration alone must be limiting the reaction rate. Thus S must be much smaller than Km. For this case,
Expression 6 gives a rule for finding the optimum triggering enzyme activity. This activity is of course (1) in the units in which Km and tm are expressed, and must be converted to micromoles/liter per minute if activity is to be expressed in U/liter.
General Optimum Curve for All Tests (2)
To generalize the effect on the measured reaction rate of varying the triggering enzyme activity, we can normalize expression 5 by dividing it by expression 7, and simplify by using expression 6. This normalized form becomes
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This states that for any substrate test, the ratio of the actual measured reaction rate to the optimum measured reaction rate is a function only of the ratio of the actual triggering enzyme activity to the optimum triggering enzyme activity. That is, when expressed as fractions of the optimum values, the measured reaction rates of all kinetic substrate measurements done enzymatically will all exhibit the same type of dependence on the triggering enzyme activity. The calculated curve in Figure 5 , a plot of expression 8 shows that the optimum for the reagent activity is quite broad. If Vmax is 20% from the optimum in either direction, the measured rate is only about 2% below optimum. Vm must decrease to half of its optimum value for the measured reaction rate to decrease by 20%. These immunities to properties of the reagent are desirable in a practical analytical method of this type.
Also plotted in Figure 5 are experimental points for pyruvate and lactate from Figures 3 and 4 , and data from a similar experiment for triglycerides.
Results
Triglycerides (Triacylglycerols)
We varied the triggering enzyme activity to find the optimum for serum triglycerides by a method using glycerol kinase (EC 2.7.1.30) (7, 8) as the triggering enzyme.
The sample was a 0.84 mmol/liter glycerol standard equivalent to 740 mg of triolein per liter. The reagent used was a Triglyceride Stat-Pack (cat. No. 869263; Calbiochem, Lajolla, Calif. 92037). The iipase-and triglyceride-reagent vials in the kit were reconstituted with volumes of water adjusted to make concentrations in the reaction mixture equal to the values specified in the manufacturer's package insert. But the volume used to reconstitute the separate glycerol kinase vial was varied in order to vary the triggering enzyme activity, to find the optimum value. The glycerol kinase activity was not assayed but the dilution for the optimum was such that, according to the package insert, the activity in the reaction mixture would have been 730 U/liter. The triglyceride points plotted on Figure 5 were obtained in this optimization experiment.
For the optimum activity, a measured reaction rate of 81 U/liter was obtained on a glycerol standard equivalent to 1020 mg of triolein per liter. Figure 6 shows run-to-run repeatability for the triglycerides method made optimum in this way. The sera were prediluted 15-fold with water; overall dilution was 300-fold. The standard error in this run, 30 mg/liter, is typical. One nm on 48 clInical sara plotted vs. a second run on the same sara about 1 h later, using a reagent made optimum as described in the text Measurements of reaction rate on dilutions of a glycerol standard solution show that, when expressed as equivalent triolein concentration, activity and dilution were linearly related from zero to sample concentrations exceeding 3.0 g/liter.
Use of Exponential Time Constant
Especially when pre-packaged reagent kits are used, it is often impractical to vary the triggering enzyme activity independently of other reagent constituents to find the optimum activity. The theory indicates a more convenient way to find it.
Referring to expression 2, 3, and 4, we note that the ratio Km/Vmaz has the units of time. If we define its present value. it is a property of the reagent only.
It is measurable, and adjustable, because it is proportional to the dilution of the triggering enzyme.
If we divide both sides of expression 6 by Vm, then with expression 9 we can obtain the relation (11) yost That is, the ratio of the reagent activity to the optimum activity is equal to the ratio of the measurement time to the reaction's exponential time constant. At the optimum, (12 Based on a measurement of the time constant of one reagent formulation, the departure of the reagent's activity from optimum can be measured and a correction made by changing the dilution of the triggering enzyme to bring a second formulation adequately close to optimum, usually in a single step.
For this reason, optimization by adjusting the time constant is substantially more convenient than optimization by preparing a series of formulations to find the maximum rate. We found it is also generally more reliable than optimization by calculation from an assay of the reagent activity and knowledge or measurement of the Km, by use of expression 6. Measurements of the time constant for the pyruvate and lactate methods, optimized by finding the lactate dehydrogenase activity for maximum rate, gave values of about 30s.
Glucose
We prepared a kinetic glucose method in which hexokinase (EC 2.7.1.1) was used near its optimum activity as determined by using the time-constant method.
The glucose reagent used was a Calbiochem "StatPack" that is based on the hexokinase method (9). It   FIg. 7 . Run-to-run repeatability of glucose method One run on 69 clInical sara plotted vs. a second run on the same sara 45 mm later. The reagent was made optimum as described In the text was reconstituted with volumes of water such that when used in the instrument's two-reagent pipetting system, the concentration of all components in the final reaction mixture was the same as specified in the manufacturer's package insert. Measurement of the exponential time constant for the glucose reagent as reconstituted showed that it had a value of 40 s. This was adequately close to the measuring time of 30s to be near optimum, and so we used the reagent without further adjustment in the work reported here. Figure 7 shows repeatability of the method for glucose, run at a 1000-fold overall dilution. The stan-'13' dard error was 25 mg/liter. Measurements on aqueous standard solutions of glucose show that activity is linearly related for concentrations from zero to 3.0 g/liter, while at 4.0 g/ liter, activity is about 3% lower than linearity predicts. The large dilution accounts for this relatively wide linear range of sample concentrations.
Scale Factor for Substrates
We found strong similarities in instrumental operating conditions among the four different optimized substrate tests. These similarities are also predicted by the analysis. Expression 7 shows that when the triggering enzyme activity has been optimized, the scale factor of the test in terms of reaction rate per unit of substrate concentration in the reaction mixture is the same for all substrates.
It depends only on the measuring time after initiation of the reaction, For our instrument and any other with a tm of 30 s, the scale factor should be 1.2 X 102 s_i
Converting our measured reaction rates in U/liter for substrate standards of known molarity, into mol/ s, and taking account of the overall dilutions to refer both measured rates and sample concentrations to the reaction mixture, we have compared the measured scale factor for the four tests with the theoretical value in after triggering. Before this time, the reaction proceeds at about the preincubation temperature, usually several degrees higher. About a fourth of the substrate is consumed before the reaction reaches the accurately thermostatted cell. Also, the details of the pipetting of the triggering enzyme and stirring of the mixture, though repeatable, make the effective time of triggering indeterminate by roughly 1 or 2 s. For these reasons, we would expect the a priori predictability of the scale factor to be no better than about ±10%. This is consistent with what we observe for the single reactions for pyruvate and lactate in Table 1 .
The glucose and triglyceride methods involve one or more coupled reactions, with lag phases that are significant fractions of the 30-s time from triggering to measurement.
Under these conditions, our analysis leading to prediction of scale factor no longer applies. We have not made a rigorous analysis of the effect of lag phase. But an approximation of its effect is to delay, by a fixed time, the absorbance changes in the indicator reaction caused by the products of the (16) triggered reaction. Such a delay would increase the observed scale factor because it would shorten the actual time constant of the triggered reaction, which would be found experimentally to be optimum. The measured increases in scale factor for glucose and triglycerides over the predicted value are consistent with this explanation.
The predictability of precision limits for substrate concentrations is consistent with the results for scale factor. This implies that the same effects that limit precision for serum enzymes also limit it for the four substrate methods we studied.
Caution is necessary in applying expression 6 to determine the optimum triggering enzyme activity by calculation, or in using expression 9 to estimate the time constant.
In both of these expressions, the triggering enzyme's activity Vm or V0t and its Km must be those that actually apply under the conditions of the reaction.
For example, the lactate dehydrogenase activities plotted on the abscissa in Figure 4 showing that 9 X io U/liter optimizes the lactate method, were based on measurement by the Henry method (6) on diluted aliquots of the reagents. In the lactate reaction mixture, however, a Lineweaver-Burk plot (5) showed that the effective Vm at optimum was about 2 X 102 U/liter with a Km about 1 X 10 mol liter1.
In estimating the Km from a Lineweaver-Burk plot under optimized conditions, account must be taken of the fact that only about lie of the initial substrate remains at the time of measurement, so that the true Km is l/e of the value determined from the product of slope with Vmax. The measured reaction rate is linear with initial substrate concentration to about oneseventh of the Km determined in this way for the lactate test.
Optimized kinetic substrate measurements are im-
